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An extreme May 2018 debris flood case study
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Abstract Debris floods can cause large economic damage and
endanger human lives. This paper presents an extreme May 2018
debris flood that occurred in northern Slovenia near the Krvavec
ski resort and caused large economic damage. The debris flood
was initiated by an extreme rainfall event with a return period of
over 50 years. There were large differences in the measured rainfall
amounts using different equipment. The estimated volume of the
debris material during the event was 4000 m3/km2 for the
Brezovški graben. In order to mitigate the risk due to future debris
flood and debris flow events, a check is planned to be constructed.
The part of the design process is presented in this paper. Addi-
tionally, RAMMS model was used to validate the empirical equa-
tions that were used in the process of the check dam stability
design. The model was calibrated using information about the
deposition area. Two adjacent torrents were modelled, and we
were not able to find a common RAMMS parameter set that would
yield adequate simulation performance in both cases.
Keywords Debris floods . Hyperconcentrated
flows . Slovenia . RAMMS . Numerical modelling . Mitigation
measures
Introduction
Slovenia is among the European countries where different types of
mass movements such as debris flows, shallow landslides, or deep-
seated landslides can occur relatively frequently (e.g., Mikoš et al.
2004; Mikoš et al. 2005; Sodnik and Mikoš 2006; Petkovšek et al.
2011; Jemec Auflič et al. 2016; Bezak et al. 2019a), and the density of
active landslides in the Slovenian national database is more than
three landslides per 10 km2 (Herrera et al. 2018). Most often, this
kind of mass movements in Slovenia is rainfall-induced, i.e., trig-
gered by extreme rainfall events (e.g., Mikoš et al. 2004; Bezak
et al. 2016; Jemec Auflič et al. 2016; Bezak et al. 2019a), and less
frequent they are earthquake-induced (Mikoš et al. 2013). Extreme
events can be either of short duration with very high rainfall
intensities (e.g., Železniki case study) or of prolonged duration
with smaller rainfall intensities where antecedent conditions are
also important (e.g., 2000 Log pod Mangartom debris flow) (e.g.,
Bezak et al. 2016). Other triggering mechanisms are rarer. Short-
duration storms with extreme intensities can also often lead to
flash floods where sediment transport (i.e., bed and suspended
load) is very intense (e.g., Bezak et al. 2017) and can similarly as in
the case of debris flows or deep-seated landslides lead to large
economic damage. A transitional process between water (i.e.,
flood) and debris flow is debris flood (Hungr et al. 2014) respec-
tively hyperconcentrated flow (e.g., Pierson 2005; Calhoun and
Clague 2018). Hungr et al. (2014) have updated the Varnes classi-
fication of landslide types, and in this modified classification, they
defined, among other types, also “debris floods”: “very rapid flow
of water, heavily charged with debris, in a steep channel. Peak
discharge comparable to that of a water flood.” The term
“hyperconcentrated” flow is more often used in torrential hydrau-
lics and sediment transport theory, when the sediment concentra-
tion in a water flow exceeds a few percentages. Among other
differences, debris flows may transport more sediments than water
(e.g., more than 60% by volume), while in case of torrential floods,
sediment concentrations are usually smaller than 4% by volume
(Pierson 2005). In case that bed material begins to move together
and coarse sediment becomes suspended, a torrential flood trans-
forms into a hyperconcentrated flow (Calhoun and Clague 2018).
This can occur when additional channel or hillslope erosion is
significant during the flood initiated by extreme rainfall events
(e.g., Pierson 2005). According to Pierson (2005), there are also
other initiation mechanisms that are not very likely to occur in
Slovene conditions, but in all cases, a supply of easily erodible
material is crucial. It should be also noted that from the European
perspective, Slovenia is one of the countries with the highest soil
erosion rates (Panagos et al. 2015a), and especially extreme rainfall
erosivity values are characteristic of some regions in Slovenia
(Panagos et al. 2015b). This means that especially mountain areas
could be prone to hyperconcentrated or debris flow occurrence
(e.g., Sodnik and Mikoš 2006). Moreover, a debris flow can trans-
form into a hyperconcentrated flow in case that certain conditions
are fulfilled (e.g., Pierson 2005). Around the world, there are
several locations where hyperconcentrated flows are frequent
(e.g., Loess Plateau in China; Joingxin, 1999; Pierson 2005). Differ-
ent types of measures can be used for the mitigation of
hyperconcentrated and debris flows (e.g., Hübl and Fiebiger,
2005). Most often, different types of storage basins, check dams,
and silt dams/barriers with vertical slits or similar measures are
used for the mitigation (e.g., Hübl and Fiebiger, 2005). For the
design of mitigation measures, modelling of the historical or
future (i.e., scenario) debris or hyperconcentrated flow can be
useful because based on the modelling results one can obtain flow
velocity and pressure that are needed for structural design. Vari-
ous modelling approaches and software used can be found in the
literature (e.g., Chen et al. 2018; Cesca and D’Agostino 2008;
Schneider et al. 2014). For example, Schneider et al. (2014) used
Rapid Mass Movement Simulations (RAMMS; e.g., Christen et al.
2012) model, and Mergili et al. (2011) applied the FLO-2D model for
debris floods simulations. Hungr et al. (2014) stated that: “The
distinction between debris floods and debris flow surges is of great
practical importance due to their different damage potential and
also because of the widely different strategies that must be used to
design protective structures.” In the paper, the term debris flood is
used as a synonym for hyperconcentrated flow. The main aim of
this paper is to present the extreme debris flood that occurred in
2018 near the Krvavec ski resort in Slovenia (Europe) and to
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illustrate the steps that were made to mitigate the risk due to
possible future debris floods and debris flows. As part of the field
investigation and countermeasures design, RAMMS model and its
debris flow module (RAMMS-DF) were applied and used for post-
event modelling of the 2018 event in order to calculate flow
velocities and pressures during the debris flood. The results of
the RAMMS model were used to additionally check (i.e., validate)
the empirical procedure used for the check dam stability analysis.
Additionally, by applying the debris flow module (RAMMS-DF) of
the RAMMS model, we tested the applicability of this tool for
numerical simulations of debris floods.
Data and methods
Case study description
Two torrents located below the Krvavec ski resort in north
Slovenia (ski slopes from 1450 to 1971 m a.s.l., a part of the
Kamnik-Savinja Alps) were investigated in this study. Figure 1
shows the location of the investigated case study on the map
of Slovenia and the locations of the Krvavec cable car station
and the Krvavec meteorological station, respectively. Basic
characteristics of the Brezovški graben and Lukenjski graben
torrents are shown in Table 1. Maximum elevation of the
investigated area is above 1800 m a.s.l. Both torrents are
characterized by steep slopes and have relatively similar char-
acteristics (Table 1) where the main difference is that the
slope of the Lukenjski graben torrent before the confluence
with the Brezovški graben torrent is not as steep as in the
case of the Brezovški graben. After the confluence of both
torrents, the river is named the Reka torrent. Due to the
torrential characteristics and supply of the material that is
located in the upper part of the torrents, this area was to
some extent regulated in the past, and some measures were
taken in order to reduce the potential damage. However, the
existing check dams’ volume is relatively small, and in case of
extreme events, it is not sufficient. Several events (either
floods with intense sediment transport or debris floods) oc-
curred in the last 30 years, for example, in 1990, 1991, 1994,
1995, 1996, 2007, and 2014 (e.g., Horvat 1995; Klaneček et al.
2008). Figure 2 shows a photo taken at the location of the
cable car station after one of the past events. At the location
of the Krvavec rainfall station, the Slovenian Environment
Agency (ARSO) measures rainfall using a pluviograph and
an optical disdrometer. Additionally, we also obtained rainfall
radar measurements on the day of the investigated event.
There are no discharge stations in place near the investigated
torrents.
Despite the fact that no actual debris flow events occurred at
this area in the last 30–50 years, it is possible that the future
situation will lead to the occurrence of a debris flow due to the
large amount of sediments in the upper part and steep slopes of
the torrents. Intensive erosion process started during the
May 2018 event, and large amounts of sediment are potentially
“available” for debris flows. Therefore, along with debris floods,
debris flow occurrence was also considered in the process of the
check dam design (section 2.3). Moreover, we estimated the
potential magnitude of the debris flow using the Takei (1984),
Ceriani et al. (2000) for debris flows, and Marchi and D'Agostino
(2004) equations:
M ¼ 13; 600*A0:61 ð1Þ
M ¼ 1; 000*k*A1:0*Mb0:8*Scl c1:0*I F−2 ð2Þ
M ¼ 65; 000*A1:35*S1:7 ð3Þ
where M is the debris flow magnitude [m3], A is the catchment
area [km2], k is the empirical coefficient (i.e., 5.4 for debris flow
and 3 for debris flood/bed load),Mb is the Melton number [–], Scl_c
is the gradient of the torrential channel on the fan [%], I_F is the
landslide index [–] (i.e., I_F = 1 for the presence of large active or
reactivable landslides within the drainage network, I_F = 2 for the
presence of landslides on the slopes of the basin, not directly along
the drainage network, and I_F = 3 for the absence of significant
landslides), and S is the average gradient of the torrential channel
[m/m]. The Melton number is defined as (Melton 1965):
Mb ¼ HMAX−HMINð Þ*A−0:5 ð4Þ
where HMAX [km] and HMIN [km] are the highest and the lowest
points of the torrential watershed. Additionally, we also wanted to
calculate bed load rates using Rickenmann and Recking (2011) and
Smart and Jäggi (1983) equations, but the torrent’s slope was not in
the range of the equations’ limits.
RAMMS and HEC-HMS
To model the debris flood that occurred in 2018 in the investigated
area, we used the RAMMS software and its debris flow module
RAMMS-DF, which is generally used for modelling debris flows,
but it has also been used to model hyperconcentrated events (e.g.,
Schneider et al. 2014). Depth-averaged shallow water equations for
granular flows are used in the single-phase model (RAMMS 2018).
RAMMS uses the Voellmy-fluid friction model in order to simulate
debris flow movement (RAMMS 2018). This friction model uses
two parameters, μ parameter that represents the dry-Coulomb
friction and ξ parameter that represents the viscous-turbulent
friction (RAMMS 2018). Newer RAMMS versions use a modifica-
tion of the Voellmy equation that also considers cohesion
(RAMMS 2018). These two parameters are kept constant during
the simulations. Additional information about the modelling ap-
proach used by RAMMS can be found in RAMMS (2018). In this
paper, we determined both Voellmy parameters in the process of
model calibration using information about the extent and height
of the deposited material after the 2018 event. Moreover, we also
calibrated the stop parameter (i.e., percentage of total momen-
tum). As an input to the RAMMS software, we used hydrographs,
which is a preferred way of modelling in case of channelized
topography (RAMMS 2018). Publicly available LIDAR data were
used to represent the topography of the investigated area (1-m cell
size was used). The LIDAR data were measured before the
May 2018 event (i.e., in years 2014 and 2015). In order to determine
the runoff hydrograph of the 2018 event, we applied the
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hydrological HEC-HMS software (HEC-HMS, 2019). The rainfall
loss was calculated using the Soil Conservation Service (SCS) curve
number (CN) method, and transformation from rainfall to runoff
was modelled using the SCS unit hydrograph method that uses the
lag-time parameter (HEC-HMS, 2019). In order to determine the
CN parameter for the investigated area, information about land-
use and the soil hydrologic group (e.g., A, B, C, or D) was used
(HEC-HMS, 2019). In order to determine the design discharge
values needed for dam design, the frequency storm method
(HEC-HMS, 2019) was used to define the design hyetograph where
information about intensity-duration-frequency (IDF) curves (at
station Kamniška Bistrica; ARSO (2019)) and catchment time of
concentration was used. Some additional information about the
application of the HEC-HMS software for the hydrological model-
ling and design discharge determination can be found in Šraj et al.
(2010) or Bezak et al. (2018).
Dam design
To mitigate risks due to possible future debris floods or debris
flows, a check dam (i.e., barrier) with a vertical slit and a
trapezoidal weir is planned to be constructed just downstream of
the confluence of the Brezovški graben and Lukenjski graben
torrents in order to check both torrents. To determine the size of
the vertical slit, we applied the equation proposed by (Zollinger,





where μp is the slit coefficient (taken as 0.65 by Zollinger (1983)), w
is the slit width [m], d is the water depth over the slit bottom [m], g
is the acceleration due to gravity, and Q is discharge [m3/s] (Piton
and Recking 2015). Slit dimensions were determined so that the slit
can convey design discharge with a 20-year return period. Addi-
tionally, to determine the relative opening, the following equation
was used (Piton and Recking 2015):





Fig. 1 Location of the May 2018 debris flood in the Krvavec catchment on the map of Slovenia (source: Atlas okolja, 2019)
Table 1 Basic characteristics of the investigated torrents
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where DMAX is maximal sediment diameter and n0 is the shortest
dimension of the opening (Piton and Recking 2015). In order to carry out
the grain-size analysis, BASEGRAIN software was used where several
photos of the deposited material after the 2018 event were analyzed
(BASEGRAIN 2019). Both criteria (discharge and relative opening) were
considered for determining the final width of the slit.
Weir design was carried out using information about design
discharge with a 100-year return period and additional freeboard.
For the structural design (stability analysis) of the check dam,
the following three cases were taken into consideration:
– The check dam is empty; the debris flow impacts the lower
half of the check dam.
– The check dam is half-full, the debris flow impacts the upper
half of the check dam.
– The check dam is full (filled with debris) and the debris flow
is flowing over the dam (drag force).
Based on the analysis of the sediment diameter size in the
catchment area, the boulder impact in the check dam was not
considered in the structural design of the check dam.
For the calculation of the debris flow impact on the dam, the
ONR 24801 standard (i.e., Protection works for torrent control –
Actions on structures) was used (e.g., Scheidl et al. 2013; Hübl and
Nagl 2018):
ppeak ¼ 5*ρ*v0:8* g*hð Þ0:6 ð7Þ
where ppeak is the maximum debris flow impact pressure [Pa], ρ is
the bulk density [kg/m3], h is the flow height [m], v is the debris
flow velocity [m/s], and g is the acceleration due to gravity [m/s2].
Other details about structural design are not given in this paper
since this is not the main aim of this study.
Results and discussion
May 2018 event
The extreme debris flood occurred on May 30, 2018, in the after-
noon. Figure 3 shows the measured rainfall at the location of the
Krvavec rainfall station. The Slovenian Environment Agen-
cy (ARSO) measured rainfall using a pluviograph and an
optical disdrometer. Additionally, Fig. 3 shows hourly rain-
fall radar images that were determined based on the mea-
surements of two rainfall radars that are operated by
ARSO. One can notice that there are large differences in
the measured rainfall amount by the pluviograph (i.e., 55
mm) and optical disdrometer (i.e., 92 mm). Furthermore,
during the most intense rainfall (i.e., about 15 min), the
optical disdrometer detected hail. Several studies have in-
dicated that optical disdrometers tend to overestimate the
drop velocities, which also affects the calculated rainfall
amount (e.g., Tokay et al. 2014). Moreover, there also exist
relatively large differences among various disdrometer
models (e.g., Tokay et al. 2014; Angulo-Martínez et al.
2018). However, in most studies, the reported differences
were not as large as in the case of the Krvavec case study,
but some examples can be found in the literature (e.g.,
Tokay et al. 2014; Angulo-Martínez et al. 2018). For exam-
ple, Angulo-Martínez et al. (2018) have shown that for a
high-intensity event, the Thies Clima disdrometer, which is
also used by ARSO, measured around 35 mm, while OTT
Parsivel measured 21 mm of rainfall. Because no other
rainfall measurements were available while the rainfall ra-
dar indicated that hourly rainfall intensities in this area
could be around 100 mm/h (Fig. 3), we decided to use the
measurements of both instruments (i.e., of the pluviograph
and the optical disdrometer) in further steps of this study
(i.e., lower and upper bounds). Additionally, we also esti-
mated the return period of the rainfall event according to
the closest rainfall station that has IDF curves available
(i.e., Kamniška Bistrica station; ARSO 2019). For the 30-
min rainfall measured using the pluviograph, the return
period was between 50 and 100 years, while for the optical
disdrometer case, the return period was much larger than
250 years. Moreover, this rainfall station is located more
than 1000 m below the Krvavec station that was used in
this study. Thus, one could expect that the actual return
period is somewhat smaller. However, in 2018, the Krvavec
Fig. 2 Historical event at the Krvavec ski-resort, photo shows the situation after the 1991 event at the location of the cable car station (adopted from Horvat 1995)
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and Kamniška Bistrica stations measured 1835 mm and 1777
mm, respectively.
The extreme rainfall event caused intense erosion processes
that lead to the debris flood. Figure 4 shows photos taken at
different locations in the Brezovški graben and Lukenjski
graben torrents after the May 2018 event. The main source of
the material that was deposited at the wider area of the cable
car station was the Brezovški graben where in the upper part
there is still a lot of potential material located in or near the
channel (Fig. 4). In the lower part of the torrent, the slope is
relatively high (approx. 0.4 m/m) and not much of deposition
occurred in this area. Moreover, one of the photos also shows
a cross section that was full during the event. It was estimated
that the cross section at this place is at least 4.5 m wide and 2.3
m high (an area of more than 10 m2). Most of the material
from the Brezovški graben was deposited near the cable car
station where the maximum deposition height was up to 3–4 m
(Fig. 4). The estimated volume of debris material was between
7000 and 10,000 m3. The deposited material consisted of
sediments with a diameter from few mm up to boulders with
a diameter of 1 m. Additionally, a fair amount of woody debris
was detected in the deposition area. However, a field survey
after the event revealed that some material was also
transported further downstream from the cable car station.
For the Lukenjski graben, also the main source is in the upper
part of the torrent where also some landslides were observed
during the field survey after the event (Fig. 4). However, most
of the sediments that were transported during the event were
deposited upstream of the confluence with the Brezovški gra-
ben and did not reach the cable car station (Fig. 4). The
estimated volume was similar as in the case of the Brezovški
graben (i.e., approx. 8000 m3).
After the event, a geological survey of the entire area was also
carried out in order to evaluate the situation in the torrent, as
shown in Fig. 5. General characteristics of the event source area,
transport of the material, and lithological characteristics of accu-
mulated material suggested that event characteristics are more
typical for the hyperconcentrated event (i.e., debris flood) than
for the typical debris flow event. In the deposited sediment,
coarse-grained carbonate gravel prevails, while the fine fraction
(e.g., clay and silt) is not present in significant quantities. In
addition, the source area of the material is not one individual
landslide area but rather a longer section of the Brezovški graben
torrent where erosion and smaller landslides occurred. Based on
the field survey and intense erosion processes in the torrents, it
was estimated that events of similar magnitude could occur in the
future.
HEC-HMS modelling results
Hydrological modelling using HEC-HMS software was carried out
in order to estimate the input hydrograph for the RAMMS soft-
ware. As an input, rainfall data measured using a pluviograph and
an optical disdrometer were used. The soil hydrology group ac-
cording to the SCS classification was determined to be equal to B
class for the investigated torrents. Based on the land-use map
(Table 1) of the area and the soil hydrology group, we also esti-
mated the CN parameter (i.e., 68). Based on the CN parameter and
by using the SCS method, we also estimated the lag-time param-
eter that is needed to determine the synthetic unit hydrograph. Lag
time was estimated to be 20 min for both torrents. Table 2 shows
modelling results using the pluviograph and optical disdrometer
data. Notably, the values shown in Table 2 are only a rough
estimation of the peak discharge values and runoff volume during
the event. Therefore, according to the field survey (Fig. 4), the
input hydrograph that is used in the RAMMS software was addi-
tionally modified, to be on the safe side from the design perspec-
tive. Therefore, for the Brezovški graben, the peak discharge was
increased to 32 m3/s and 8.5 m3/s for the optical disdrometer and
the pluviograph, respectively, the volume was not changed, and the
hydrograph duration was shortened in order to obtain the volume.
RAMMS modelling results
The RAMMS-DF model was used to model the May 2018
event. The main aim of the model’s use was to obtain
estimates of the flow pressure and velocity. These numbers
were used to validate the results of Eq. 7 used in the
process of the check dam stability analysis. Therefore, the
main aim was to calibrate the model for the more extreme
scenario shown in Table 2. Based on the field survey after
the event, we determined the RAMMS release area and the
polygon of the deposition area. In the first step, the
RAMMS model was calibrated using information about the
deposition area. In the calibration process, the stop param-
eters, μ and ξ parameters, were changed with the aim to
obtain the best visual fit between the model deposition and
the actual deposition during the May 2018 event. In the
first step, we calibrated the model using the input
hydrograph with a peak discharge of 32 m3/s and a
hydrograph volume of 48,000 m3 (i.e., triangular shape of
the hydrograph was used). The best fit in terms of deposi-
tion extent/area was obtained using the following set of
parameters: stop parameter = 10%, μ = 0.13, and ξ = 400
m/s2. Other parameters that are used by RAMMS (e.g.,
Hcutoff, density) were set to default values that are used
in the RAMMS software. According to the RAMMS manual
(RAMMS, 2018), values of ξ between 200 and 1000 m/s2
should represent mud flow (i.e., fluid-like) situation. More-
over, Schneider et al. (2014) used μ = 0.04 and ξ = 500
m/s2 in order to model a 2010 debris flood. Moreover,
Dietrich and Krautblatter (2019) used μ = 0.16 and ξ =
200 m/s2 parameters for debris flow modelling in Germany.
Additionally, μ parameter value is in the range of the
possible values that could be suitable for the alpine envi-
ronment (e.g., Bezak et al. 2019b). Figure 6 shows results of
the simulation (i.e., deposited material) using a calibrated
set of parameters. Moreover, one can notice that also the
modelled deposition height is slightly higher than the actu-
al deposition height that was observed during the filed
survey. In the next step, we repeated the modelling proce-
dure using the smaller input hydrograph that corresponds
to the pluviograph measurements (i.e., 8.5 m3/s and 12,600
m3). Using the calibrated set of parameters from the previ-
ous step, the RAMMS model simulated that most of the
material is transported downstream from the cable car
stat ion and the actual depos i t ion area during the
May 2018 debris flood as indicated in Fig. 6.
Additionally, we were interested if the calibrated set of
parameters (stop parameter = 10%, μ = 0.13, and ξ = 400
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m/s2) that was used for the Brezovški graben also yields good
results for the Lukenjski graben. Similarly, as for the
Brezovški graben, we defined the release and deposition areas
based on the field survey after the event. The same input
hydrograph was used as in the case of the Brezovški graben.
As already indicated, the deposition area of the Lukenjski
graben was before the confluence with the Brezovški graben.
Using the same set of parameters, the material was not de-
posited at the area of actual deposition but was mostly
transported downstream to the cable car station. Thus, we
repeated the calibration procedure for the Lukenjski graben.
The following set of parameters, i.e., stop parameter = 10%, μ
= 0.2, and ξ = 900 m/s2, yielded the best results (i.e., depo-
sition occurred before the confluence with the Brezovški gra-
ben). Because torrents are located next to each other and
have similar characteristics in terms of area, slope, land-use,
and material characteristics, and as we can also assume that
rainfall properties were similar during the event, one could
expect that calibrated parameters would be the same for both
cases. However, this was not the case in the presented study.
One could argue that a possible reason could be in the
location of the release area that could be only roughly esti-
mated based on the field survey after the event. Thus, if we
included the release area position and the size in the calibra-
tion procedure, we could determine the same set of calibrated
parameters for both torrents. Additionally, model’s sensitivity
regarding the roughness and slope at which the material is
deposited could also be one of the reasons why the same set
of parameters did not yield equally satisfactory results for
both torrents. For the Lukenjski graben torrent, the deposi-
tion area reached almost the confluence with the Brezovški
graben torrent. This could indicate that a slightly higher slope
Fig. 3 Rainfall during the May 2018 event measured/estimated using the pluviograph and the optical disdrometer (a) and the rainfall radar (b) from 17:00 until 18:00, (c)
from 18:00 until 19:00, and (d) from 19:00 until 20:00)
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or smaller roughness would lead to the case where material
would be transported downstream of the confluence.
Mitigation measures
In order to mitigate further risk due to debris floods and
debris flows in the investigated area, a check dam is
planned to be constructed at the confluence of the
Brezovški graben and the Lukenjski graben torrents. The
Melton number (Melton 1965) for the Brezovški and
Lukenjski graben using Eq. 4 is 0.64 and 0.53, respectively.
Because debris flows could also occur in this area, we also
used equations proposed by Takei (1984), Ceriani et al.
(2000), and Marchi and D'Agostino (2004) in order to
estimate the magnitude of a possible debris flow event (k
= 5.4 and I_F = 3 was used for Eq. 2). For the Brezovški
graben, the estimates were 20,000 m3, 22,500 m3, and
22,500 m3 using the aforementioned empirical equations,
respectively. For the Lukenjski graben, the estimates were
23,500 m3, 15,000 m3, and 20,500 m3 using the aforemen-
tioned empirical equations, respectively. Thus, these mag-
nitudes also indicate that both torrents have similar
characteristics. However, this kind of an event would be
extreme, especially if we also take into consideration the
volume of material that was transported during the
May 2018 event (i.e., 7,000–10,000 m3). These numbers are
in accordance with Eq. 2 in case that k = 3 is used, which
corresponds to the debris flood case. Additionally, these
numbers are in the range of possible debris flow volumes
for northeastern Italy (Marchi et al. 2019). For the catch-
ment area of around 2 km2, a possible range of debris flow
volumes is between approx. 70 m3 (2%) and approx.
100,000 m3 (98%) with a median (50%) value of approx.
4,000 m3 (Marchi et al. 2019). Thus, our estimated volume
is higher than the median value reported by Marchi et al.
(2019), which somehow confirms that the May 2018 event
was extreme. Based on these numbers and considering
actual space availability, the check dam was designed
for maximum possible capacity, which is 14,000 m3. A
larger sediment trap would bring even more extensive
measures and larger costs, which would be hardly justi-
fied considering the relatively low damage potential in
the downstream area. The designed dam height is 5 m
and the dam width is 57.3 m. Construction of the dam
will require several additional hydro-technical structures
to be built, and other works (e.g., material excavation)
will be necessary; some of these are shown on Fig. 7.
Transversal and longitudinal cross section of the dam is
also shown in Fig. 7. The procedure described in section 2.3
was used for the dam design. BASEGRAIN analysis using
Fehr’s (1987) method indicated that d30, d50 , and d90 are 14
mm, 98 mm, and 318 mm, respectively. Therefore, for the
slit design, DMAX = 40 cm was used. Based on the proce-
dure described in section 2.3, the width of the slit was
determined to be 0.8 m. Weir dimensions were determined
so that the weir can convey 60 m3/s. For the dam stability,
three cases were considered (section 2.3). Using Eq. 7 and a
velocity of 6 m/s, the debris flow impact is estimated to be
equal 290 kPa (density of 2000 kg/m3). RAMMS modelling
results for the case presented in Fig. 6 indicated that the
modelled maximum flow pressure at the location of dam is
200 kPa. For the case with a smaller peak discharge and
hydrograph volume, the calculated maximum flow pressure
Fig. 4 Situation in the Reka torrent and the Brezovški graben and the Lukenjski graben torrents after the May 2018 event
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Fig. 5 Geological map of the area after the May 2018 event
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at the dam location was below 130 kPa. Moreover, also
for the Lukenjski graben, the maximum flow pressure at
the dam location is around 180 kPa (for the case where
material is transported downstream of the confluence
and deposited at the cable car station). This indicates
that the design debris flow impact values that were used
for the structural design are on the safe side regarding
the RAMMS modelling results.
Conclusions
This study presents the extreme debris flood that occurred in
May 2018 below the Krvavec ski resort in northern Slovenia.
Rainfall measurements during the event using various sensors
are presented. The situation after the event in the Brezovški
graben and the Lukenjski graben torrents is shown. Because a
lot of debris material is still available in sediment sources in
the upper parts of the torrents, a check dam with a vertical
slit is planned to be constructed at the confluence of both
torrents. Among others, the RAMMS model is used to verify
the assumptions made during the structural design process in
order to take into consideration the potential debris flow
impact on the planned check dam. Based on the presented
results, the following conclusions can be drawn:
– The differences in the measured rainfall amounts dur-
ing the extreme event using the different equipment were
relatively large. For example, the 30-min rainfall return
period was between 50 and 100 years for the pluviograph
and more than 250 years for the optical disdrometer.
During the extreme event, the estimated volume of the
transported debris material was 4000 m3/km2 for the
Brezovški graben torrent.
– The simulations using the RAMMS-DF model that was
calibrated using the information about the deposition area
yielded meaningful results that validate the empirical ap-
proach that was used for the dam stability design.
– Even though two adjacent torrents were investigated,
the calibration procedure indicated that we were not able
to find a common parameter set that would yield good
simulation performance for both torrents.
– Even though the RAMMS-DF model is dedicated to








Fig. 6 RAMMS modelling results (i.e., legend shows material deposition) using the calibrated set of parameters for the Brezovški graben for the 32 m3/s peak discharge
and a hydrograph volume of 48,000 m3. Spacing between contour lines is 100 m
Table 2 Hydrological modelling results using the pluviograph and optical disdrometer data
Torrent Rainfall data Peak discharge [m3/s] Volume [m3] Hydrograph duration [h]
Brezovški graben Optical disdrometer 22 48,000 1.2
Brezovški graben Pluviograph 5.7 12,600 1.2
Lukenjski graben Optical disdrometer 27.6 59,800 1.3
Lukenjski graben Pluviograph 7.1 16,000 1.3
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– A check dam that is planned to be constructed in the inves-
tigated area will be able to trap sediments transported during
future extreme events similar to the one that occurred in May 2018.
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